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Analysis of the Temporal Requirement for Eda in Hair
and Sweat Gland Development
Chang-Yi Cui1, Makoto Kunisada1, Diana Esibizione1,2, Eric G. Douglass1 and David Schlessinger1
EDA signaling is important in skin appendage initiation. Its possible involvement in appendage subtype
determination and postinduction stage appendage development, however, has not been studied systematically.
To address these issues we manipulated Eda-A1 transgene expression in a tetracycline-regulated conditional
mouse model, where the transgene is the only source of active ectodysplasin (Eda). We find that Eda-A1 restores
sweat glands and all hair subtypes in Tabby, but each requires its action at an idiosyncratic time of development:
by E17 for guard, by E19 for awl, and starting at E18 for zigzag/auchen hair. Guard and awl hairs were
indistinguishable from their wild-type counterparts; but restored zigzag and auchen hairs, although
recognizable, were somewhat smaller and lacked characteristic bends. Notably, secondary hair follicle
formation of awl, auchen, and zigzag hairs required higher Eda-A1 expression level than did guard hair or sweat
glands. Furthermore, Eda-A1 expression is required until the early dermal papilla stage for guard hair germs to
make follicles, but is dispensable for their maturation. Similarly, sweat gland pegs require Eda-A1 at an early
stage to form mature glands. Thus we infer that EDA signaling is needed for the determination and development
of various skin appendages at spatiotemporally restricted intervals.
Journal of Investigative Dermatology (2009) 129, 984–993; doi:10.1038/jid.2008.318; published online 16 October 2008
INTRODUCTION
The development of skin appendages can be divided into
three phases: induction, progression, and maturation. Skin
appendage development is achieved by well-controlled
reciprocal signaling between mesenchyme and epithelium
(Hardy, 1992). General morphogenetic signaling pathways
play a key role. Canonical Wnt and bone morphogenetic
protein (BMP) pathways were shown to be the first
mesenchymal initiation signals for appendage induction
(reviewed in Millar, 2002; Botchkarev and Paus, 2003), and
Shh was suggested to be the secondary epithelial signal for
appendage germ progression and subsequent dermal papilla
formation (St-Jacques et al., 1998; Chiang et al., 1999).
Notch, Whn, and Hox genes also participate in hair follicle
maturation (Millar, 2002).
In addition to more general signaling pathways, a skin-
restricted critical role in skin appendage initiation is played
by ectodysplasin (Eda), the product of the anhidrotic
ectodermal dysplasia (EDA) gene (Kere et al., 1996;
Srivastava et al., 1997). Guard hair and sweat gland germs
are not formed in Eda mutant Tabby mice, but were restored
by an Eda-A1 transgene or recombinant Eda (Cui et al., 2003;
Gaide and Schneider, 2003; Mustonen et al., 2004). The EDA
pathway genes EDA, ectodysplasin receptor (EDAR), and
EDARADD are all expressed in the epithelial portion of skin
appendages, where they activate NF-kBs (reviewed in Cui
and Schlessinger, 2006). The EDA pathway has therefore
been suggested to function immediately downstream of the
mesenchymal initiation signals, regulating appendage germ
formation by modulating more general morphogenetic
signals. Consistent with this notion, EDA was shown to
operate downstream of inductive Wnt signaling (Durmowicz
et al., 2002; Laurikkala et al., 2002). Further supporting
evidence has come from findings that in contrast to mice
lacking Wnt, in which hair follicles were not initiated, mutant
mice lacking the Eda receptor ‘‘Edar’’ start to form guard hair
follicles, but fail to make functional hair germs (Andl et al.,
2002; Schmidt-Ullrich et al., 2006).
Further action of Eda later in skin appendage development
was inferred from recent findings that EDA pathway genes are
highly expressed in developing hair follicles, and Shh, the
critical regulator for skin appendage progression, is the most
prominent target of EDA signaling (Cui et al., 2006; Schmidt-
Ullrich et al., 2006). Observations of mutant Tabby mice also
implied that Eda signaling is involved in hair subtype
determination (Vielkind and Hardy, 1996). However, re-
maining questions include: (1) is there a time window for the
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action of EDA for each type of skin appendage? and (2) is
there a differential dose dependence on EDA for the
determination of numbers or subtype of hair or sweat glands
during development?
Skin appendages certainly develop along defined time
courses and patterns. In general, guard hair develops starting
around E14.5; awl hair somewhat later around E16.5; and
zigzag hair around E18.5 in mouse back skin (Vielkind and
Hardy, 1996). Follicle downgrowth is then complete by
postnatal day 8 (Blanpain and Fuchs, 2006). To assess
possible time windows of EDA action in appendage subtype
determination more precisely, we generated a tetracycline-
regulated conditional Eda-A1 transgenic mouse model (Cui
et al., 2003). Using this model, we show that Eda-A1
signaling at defined times is sufficient to specify the
determination of hair subtypes and the initiation and
progression, but not maturation, of hair follicles and sweat
glands. We also find that the development of some skin
appendages needs relatively higher levels of Eda-A1 activity.
RESULTS
To gauge the involvement of EDA signaling at different
developmental phases of hair follicles and sweat glands, we
used a tet-regulated Eda-A1 transgenic mouse model to
selectively turn the transgene on or off in Tabby background
at different embryonic stages, and scored the mice at age 2
months for hair follicle subtypes and sweat gland formation
(Figure S1a; see ‘‘Materials and Methods’’).
Doxycycline regulates Eda-A1 transgene expression and
transgene-induced skin appendage phenotypes in a
tet-regulated conditional mouse model
The conditional transgenic mice bear two transgenes in their
genome: an mouse mammany tumor virus (MMTV)-driven
regulatory tet-off gene that constitutively produces a transac-
tivator tTA; and a tTA responsive TRE-Eda-A1 transgene
encoding the mouse Eda-A1 isoform (Cui et al., 2003). The
tTA binds to TRE and activates Eda-A1 transgene transcription
only when doxycycline is absent. Therefore, transgene
expression can be selectively turned on or off at any time
by doxycycline food in vivo. The MMTV-driven tet-off gene is
highly expressed in skin epidermis and various secretory
tissues, and therefore provides an excellent system for skin
and skin appendage studies (Hennighausen et al., 1995).
We confirmed that doxycycline food completely blocks
skin appendage phenotypes in Eda-A1 transgenic Tabby mice
(see ‘‘Materials and Methods’’). The tight regulation of Eda-
A1 transgene expression and transgene-induced skin appen-
dage phenotypes by doxycycline food allowed us to carry out
the experiments described below.
Guard hair germs develop to guard hair follicles if Eda-A1 is still
active after germ formation
Requirement of EDA signaling for guard hair follicle initiation has
been clear from the observations that the first wave of hair follicle
formation, which generates guard hair germs at embryonic
day 14.5 (E14.5), is absent in Tabby mice and is restored by an
Eda-A1 transgene (Cui et al., 2003; Mustonen et al., 2004).
When the transgene is turned off at E15, just after follicle
germs had formed (E15-off mice; Figure S1a), the adult mice
were slightly darker (see below) but otherwise identical to
Tabby; they failed to restore guard hair, as shown by
microscopic observation (Figure 1a–c). These results sug-
gested that EDA signaling is required both at induction and at
postinduction stages of guard hair development.
To assess the time and duration of the window for the Eda-
A1 requirement, we turned off the transgene at successively
later times. If the transgene was turned off at E17 (E17-off),
when the early dermal papillae form, or at E19 (E19-off),
when the hair shafts are nascent, the mice were still able to
fill in bald patches that are evident behind the ears of Tabby
mice (Figure 1a; cf. Figure S1a). Microscopic analysis of hair
from adult animals revealed fully restored, structurally
normal guard hair with two rows of medullary granules in
both the E17-off and E19-off mice (Figure 1b). Its representa-
tion in total hair was comparable to that of wild type (Figure
1c). Also, when Eda-A1 was expressed until E19, the guard
hairs lay at a more vertical angle compared to wild type
(similar to mice in which the Eda-A1 transgene was expressed
throughout life (‘‘TaTG mice’’)) (Figure 1a; Cui et al., 2003).
The length of restored guard hairs in conditional mice was
comparable to wild-type or TaTG mice, though slightly
shorter in E17-off mice (Figure S1b). Therefore we infer that
EDA signaling is required until the formation of early dermal
papilla, but not for the subsequent full development of guard
hair.
A few minor differences were noted. In E15-off and E17-off
mice, there were also about 10% of dark hairs that are
structurally identical to abnormal awl-like Tabby hair, and
which may contribute to the somewhat darker coat appear-
ance in these mice (Figure 1a and data not shown). A similar
phenotype was also observed in Tabby mice injected with
recombinant Eda protein (Gaide and Schneider, 2003).
In a control experiment, we turned on the transgene only
at E18 (E18-on mice). In that case no guard hair follicles were
restored, as expected (see below). Therefore, Eda-A1 cannot
rescue guard hair after the critical period at E15–E17, the
guard hair induction and progression stages.
Eda-A1 transgene is able to restore normal awl hair in Tabby
mice
The second wave of hair follicle formation, resulting
eventually in awl hair, starts to form follicles around E16.5.
Mature awl hair is characterized by the presence of 3–4 rows
of medullary granules (Figure 2a). This wave occurs even in
the absence of Eda, but the hair produced is abnormally
straight and short, as seen in Tabby mice. Further, the hairs
are characterized by the presence of 1 or 2 rows of medullary
granules arranged in an alternating pattern, and the hairs are
much thinner (Figure 2a).
Previous studies have suggested that an Eda-A1 transgene
or its cognate recombinant protein is sufficient to restore
guard hair in Tabby mice, but that awl or zigzag hairs are not
restored (Cui et al., 2003; Gaide and Schneider, 2003). By
more extended microscopic analysis, however, we now find
that most awl hair in TaTG mice is restored to show three
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rows of medullary granules (Figure 2a); and as in wild-type
mice, the restored awl hair constitutes about 10% of total hair
in TaTG mice (Figure 2b). Thus an Eda-A1 transgene is
sufficient to restore awl hair.
The contribution of Eda-A1 was again time-sensitive. No
awl hair was restored in E15-off and E17-off mice; however,
in E19-off mice we found about 10% awl-like hair with 2–3
rows of medullary granules, structurally similar to the
restored awl hair in TaTG mice (Figure 2a and b; ‘‘E19-
off’’). These results suggested that as in the case of guard hair
follicles, EDA signaling is required for both initiation and
progression of awl hair follicles.
Restoration of zigzag hair in Eda-A1 transgenic Tabby mice
A third wave of follicle formation generates zigzag hair, the
most frequent subtype in mice, which is completely missing
in Tabby mice. Consistent with previous reports, no obviously
zigzag hairs were found in TaTG mice, grossly or under the
dissection microscope (Cui et al., 2003; Gaide and Schnei-
der, 2003). However, once again, under higher magnification
we found a large number of hairs with zigzag hair
characteristics (Figure 3a–c), including a single row of
medullary granules and 2 or 3 putative bending (constriction)
sites where medullary granules were absent (Figure 3b). This
class constituted up to 62.9 (±5.8)% of the total hair (Figure
3d; TaTG). Apparently, these are partially restored zigzag-like
hairs in TaTG mice, though slightly thinner and shorter than
the normal equivalent and lacking obvious bends at the
‘‘bending sites’’ (Figure 3b).
To assess when EDA signaling is required for zigzag hair
formation, we turned off the transgene at E15 and E17, well
before zigzag hair germ formation. No zigzag-like hair at all
was restored (Figure 3d; E15-off and E17-off). Also, when the
transgene was turned off after zigzag hair germ formation had
began, at E19, neither normal zigzag nor zigzag-like hairs
were formed (Figure 3d; E19-off).
To see if a sharper ‘‘pulse’’ of Eda-A1 at the induction
phase might fully restore the morphology of zigzag hair, we
turned on the transgene at E18 (E18-on mice), just before the
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Figure 1. Restoration of guard hair in conditional Eda-A1 transgenic mice. (a) Guard hair, which has two rows of medullary granules, was restored in TaTG and
in E17-off (and E19-off, not shown) conditional transgenic mice. (b) The contribution of restored guard hair to total hair number in TaTG, E17-off, and E19-off
mice was comparable to wild-type mice. No guard hair was restored in E15-off or E18-on mice. (c) E15-off mice were similar to Tabby; the hair coat of E17-off
mice was darker and bald patches behind ears had been filled in; and E19-off mice were very similar to TaTG mice in which the transgene was expressed
throughout life. E18-on mice, in which the transgene was only activated at that time, were similar to Tabby, though some hairs were slightly darker and thinner.
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Figure 2. Restoration of awl hair by Eda-A1. (a) In contrast to Tabby hair,
restored awl hairs in TaTG and E19-off mice, as in wild-type mice, have three
rows of medullary granules. (b) The contribution of restored awl hair in TaTG
and E19-off mice was similar to wild type. Awl hair was not restored in E15-
off, E17-off, or E18-on mice.
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start of zigzag hair formation. In these conditions, the genetic
program for proper guard hair and awl hair formation were
suppressed, so that the E18-on mice lack guard and awl hairs
(Figures 1c and 2b). Instead, a large number of zigzag-like
hairs, structurally identical to those restored in TaTG mice,
were formed. The zigzag-like hairs reached up to 53.6%
(±10.5) of total hair, ranging from 40% to nearly 70% (Figure
3d; E18-on). Correspondingly, the numbers of abnormal
Tabby hairs were sharply reduced. It was previously inferred
that zigzag follicles are initiated on time, but are unable to
make normal zigzag hair in Tabby mice (Hammerschmidt
and Schlake, 2007). Our results are consistent with a
requirement for Eda-A1 for normal zigzag hair shaft formation
but not for zigzag follicle initiation. In addition, in the E18-on
mice, the numbers of auchen-like hairs were also restored to
the wild-type level of about 12.1% (±1.7) of the total (Figure
3e; E18-on).
Thus, zigzag- and auchen-like hairs, though still abnormal,
are restored independent of guard and awl hair formation by
time-dependent action of Eda-A1. To our knowledge this is
previously unreported condition found in which a transgene
can restore auchen hair, in keeping with nuanced require-
ments for Eda action (see ‘‘Discussion’’).
Secondary hair follicle development requires higher Eda activity
We have generated two transgenic mouse models that
encode the Eda-A1 isoform: conventional Eda-A1 transgenic
Tabby mice, in which the transgene was expressed at about
the endogenous level of Eda (Srivastava et al., 2001); and a
tet-regulated conditional Eda-A1 transgenic Tabby mice that
has transgene expression up to 100-fold higher than normal
endogenous levels (Cui et al., 2003, 2005). To look for any
dosage effect on EDA signaling for hair follicle subtype
determination, we reanalyzed hair subtypes in the conven-
tional transgenic mice compared to the conditional TaTG
mice. Guard hair was fully restored in both strains. However,
in contrast to the conditional TaTG mice, in the conventional
transgenic mice awl and auchen hairs were not at all restored
and zigzag-like hair was restored to only about 15% of the
total population (Table 1). The ‘‘zigzag hair’’ that did form
was structurally identical to the imperfect zigzag hair formed
in conditional TaTG mice. These data suggested that guard
hair and some zigzag hair (and sweat glands; Srivastava et al.,
2001) can be restored even at lower levels of expression of
Eda-A1, but full restoration of secondary hair follicles
(including awl, auchen, and zigzag) requires a higher level
of EDA signaling.
Eda-A1 action disrupted bent hair structures in wild-type mice
In a previous study, we noted that bent zigzag and auchen
hair were sharply reduced in transgenic mice with constant
high expression of Eda-A1 in wild-type mice (WTTG mice;
Cui et al., 2003). Upon further analysis we found that the
structure and numbers of straight guard and straight awl hairs
in WTTG mice were essentially unaffected (Table 2). (Some
awl hairs were longer than normal, which may be related to
hair cycling time rather than an effect on morphogenesis
(Mustonen et al., 2003; Fessing et al., 2006).) By contrast, the
structure of bent hair types was severely disrupted in the
WTTG mice and we could only classify about 10%; of the
individual hairs more than 80% could not be classified into
subtypes, consistent with previous reports from other groups
(Mustonen et al., 2003; Zhang et al., 2003).
Of the total restored hairs, 10% resembled abnormal
Tabby hair; about 10% were auchen-like hair; 35% were
slightly bent zigzag hair (as seen in Shh transgenic mice
(Hammerschmidt and Schlake, 2007)); and 35% were straight
zigzag-like hair similar to the zigzag hair restored in TaTG or
E18-on mice (Table 2). It may be that the bent hair formation
in late embryonic life is more sensitive to dose- and time-
dependent action of EDA signaling than is the earlier
formation of straight hair (see ‘‘Discussion’’).
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Figure 3. Restoration of zigzag and auchen hair in Eda-A1 transgenic mice.
(a) Abnormal awl-like Tabby hair is straight and has one or two layers of
medullary granules in a staggered pattern. (b) Restored zigzag hair in
transgenic Tabby mice (TaTG) has one layer of medullary granules and two
putative bending sites where the medullary granules are absent (higher
magnification); however, no bends are seen. (c) Wild-type zigzag hair is like
TaTG hair, but shows the characteristic bends. (d) Zigzag hair was restored in
TaTG mice and E18-on mice, but not in conditional transgenic mice in which
the transgene was turned off earlier or later. (e) Auchen-like hair was restored
only in E18-on mice.
Table 1. Only guard hair was fully restored in
conventional Eda-A1 transgenic Tabby mice
Hair subtypes (% in total hair number)
Strains G Awl Au Z Awl-like1 Z-like2
Conv-Eda-A1 TG 1.9±0.3 0 0 0 84.1±6.1 14.0±5.9
Ta 0 0 0 0 100 0
Au, auchen hair; Aw, awl hair; G, guard hair; Z, zigzag hair.
1Represents abnormal awl-like Tabby hair.
2Identical to Z-like hair restored in conditional TaTG mice (Figure 3).
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Only primitive sweat gland-like structures were formed in
Tabby mice when Eda-A1 was turned off at the early
progression stage
In Tabby mice sweat glands are not formed; but like guard
hair they are restored by an Eda-A1 transgene (Cui et al.,
2003). We further assessed the possible involvement of EDA
during postinduction stages. During normal development,
sweat gland germs are discernible at E17.5 in mouse footpads
(data not shown). At E19, sweat gland germs are formed in
both wild-type and conditional Eda-A1 transgenic Tabby
embryos (TaTG; Figure 4a, upper panels). The germs are like
stage 3 hair follicles (Muller-Rover et al., 2001), though sweat
glands lack dermal condensations/dermal papillae. They
further develop to mature sweat glands if EDA signaling is
still active (Figure 4a, middle panels). As expected, when the
Eda-A1 transgene was turned off at E15 (data not shown) or
E17, before sweat gland germ formation, sweat glands failed
to develop (Figure 4a, lower left panel). If the transgene was
turned off at E19 (E19-off), at the early progression stage,
primitive sweat gland-like structures were formed but failed
to mature further (Figure 4a, lower middle and right panels).
In these sections, a cluster of keratinocyte-like cells in a
narrow zone of dermis formed vertically positioned duct-like
structures that were associated with connective tissue,
including blood vessels deep in the dermis. Consistent with
an arrest in development, iodine–starch sweat tests for E19-off
mice were negative (data not shown). Thus, as in guard hair
formation, Eda-A1 is required for both initiation and post-
initiation stage sweat gland development.
To characterize the sweat gland-like structures further, we
carried out immunostaining with characteristic sweat gland
markers. We confirmed that keratin 14 expression was seen
in both wild-type and Eda-A1 transgenic Tabby embryos at
E19 from basal cells of epidermis to sweat gland germs
(Figure 4b, upper panels, arrows indicate sweat gland germs).
In adult mice, K14 was seen in basal cells of epidermis,
peripheral cells of sweat ducts, and the outermost myo-
epithelial cells of the secretory portion of sweat glands in
wild-type mice (Figure 4b, middle panels; see also Langbein
et al., 2005). In contrast, no keratin 14 expression was found
in the sweat gland-like structures in E19-off mice (Figure 4b,
middle panels). Another keratin family member, keratin 8, is
generally restricted in expression to more differentiated
luminar cells of sweat ducts and the secretory portion of
glands in adult stage wild-type skin (Figure 4b, lower left
panel). It was not yet expressed in wild-type sweat gland
germs at E19, and in E19-off mice, no keratin 8 expression
developed (Figure 4b, lower middle and right panels, and
data not shown).
Vimentin, a marker for mesenchyme-derived cells, was
expressed in dermal fibroblasts, endothelial cells of blood
vessels, and the outermost layers of secretory portions of
sweat glands in wild-type mice (Figure S2). In the sweat
gland-like structures of E19-off mice, however, most cells
showed only a background level, with a few positive cells in
the periphery (Figure S2). The sweat gland-like structures in
the absence of EDA action may thus result from dysplastic
differentiation of sweat gland pegs at postinduction stages.
Meibomian and preputial glands were not restored in Eda-A1
transgenic Tabby mice in any condition tested
Among the exocrine glands missing in Tabby mice, sweat
glands were fully restored in both conventional and condi-
tional Eda-A1 transgenic mice, but meibomian glands and
preputial glands were not (Srivastava et al., 2001; Cui et al.,
2003, 2005). Restoration of either gland type was again not
seen in any of various conditions of conditional expression in
the transgenic mice (Figure S3a and b). Interestingly, Gaide
and Schneider (2003) found that injected recombinant Eda
restored meibomian glands, perhaps reflecting differential
levels of Eda activity from the two delivery routes.
DISCUSSION
Critical EDA signaling (Kere et al., 1996; Srivastava et al.,
1997; Headon and Overbeek, 1999; Headon et al., 2001)
supplements more general morphogenetic pathways specifi-
cally in skin. There it regulates skin appendage development
through a canonical NF-kB cascade (Ezer et al., 1999;
Elomaa et al., 2001; Cui and Schlessinger, 2006). The
requirement for EDA in skin appendage initiation has been
well established; here its further involvement at later stages is
delineated in a mouse model. In general, an auxiliary or
alternative role in the maintenance of skin appendages has
not been excluded; but our results are more simply consistent
with a continuing requirement for EDA action in later stages
of skin appendage formation.
EDA signaling is involved in skin appendage development with
defined time windows
Primary guard hair germs are formed at E14.5; engulfment of
dermal condensation/dermal papillae by growing hair pegs is
discernible at E16.5; and generation of inner root sheath can
be recognized at E18.5 in mice. Here we demonstrate that
EDA signaling is required for progression as well as initiation
Table 2. Bent auchen and zigzag hairs were disrupted in WTTG mice
Hair subtypes (% in total hair number)
Strains G Awl Au Z Awl-like Au-like Z-like-B1 Z-like-S2
WTTG 2.8±0.6 8.8±0.4 0 0 9.9±2.1 5.2±2.1 36.8±3.8 36.5±6.9
WT 2.2±0.2 11.1±1.2 12.9±1.9 73.8±1.0 0 0 0 0
Au, auchen hair; Aw, awl hair; G, guard hair; Z, zigzag hair.
1Z-like hair, slightly bent.
2Z-like hair, grossly straight.
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Figure 4. Mature sweat gland-like structures required Eda-A1 expression in transgenic Tabby mice throughout the early progression stage. (a) In hematoxylin and
eosin-stained sections, sweat gland germs were formed in wild-type and TaTG embryos at E19 (upper panels). Sweat glands were clearly not formed in Tabby mice (Ta), but
were restored by an Eda-A1 transgene in TaTGmice, in which the transgene was expressed throughout life (middle panels). Sweat glands were not restored in E17-off mice,
but primitive sweat gland-like structures were seen in E19-off mice (lower panels). Higher magnification (lower right) showed that these structures consist of keratinocyte-
like cells. Scale bars, 100mm. (b) Immunofluorescent staining showed that keratin 14 protein (green, with DAPI staining of DNA in blue) was localized in sweat gland germs
in wild-type and TaTG embryos at E19, but was absent in Ta (upper panels, arrows indicate sweat gland germs). Keratin 14 was positive in peripheral cells of sweat duct
and myoepithelial cells of the secretory portion of wild type (middle left panel), but was absent in E19-off sweat gland-like structures (center and right middle panels).
Keratin 8 (red) was expressed in luminal cells (lower left panel) of sweat glands in adult stage wild-type mice. Cells in sweat gland-like structures in E19-off mice were
devoid of keratin 8. Arrows in middle and lower panels indicate sweat gland ducts in wild-type (WT) and sweat gland-like structures in E19-off mice. Scale bars, 50mm.
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of guard hair germs. However, once juvenile dermal papillae
are formed, EDA signaling is no longer needed. Similarly, awl
hairs were also shown to require EDA signaling for initiation
and initial progression. In contrast, auchen and zigzag hairs
most likely require EDA during hair shaft formation.
A requirement for EDA signaling at initiation and post-
initiation stages is also shown in sweat gland development.
Even when we turned off the Eda-A1 transgene slightly later
in the early progression stage (E19), only primitive sweat
gland-like structures were formed. Thus, the requirement of
EDA signaling in sweat gland development is formally very
similar to that for guard hair, though at distinct times and in
footpads rather than back skin. Both are fully restored in
transgenic mice expressing Eda-A1 at low levels (Srivastava
et al., 2001).
Consistent with observations in Tabby mice carrying a full-
length Eda-A1 transgene (Cui et al., 2003), an injected
soluble portion of Eda ligand linked to an IgG1 Fc domain
(Fc:EDA1) decisively restored guard hair, teeth, and sweat
glands in Tabby mice (Gaide and Schneider, 2003). Interest-
ingly, Fc:EDA1 injected into pregnant dams before or at the
sweat gland germ formation stage of embryos was sufficient
to restore sweat glands (Gaide and Schneider, 2003). This is
somewhat inconsistent with our findings of a requirement for
Eda-A1 transgene action at post-induction stages as well. One
possible explanation is that the portion of ectodysplasin with
an Fc stalk is more stable than native ectodysplasin, and
especially with high injection dosages may extend the
lifespan of Fc:EDA1 through progression/maturation stages.
But the striking ability of Fc:EDA1 to restore sweat glands
even after birth, further suggests that sweat gland progenitor
cells are susceptible to EDA action for a longer period during
development than other skin appendages. This could increase
the feasibility of clinical intervention (Gaide and Schneider,
2003; Casal et al., 2007).
Owing to the low yield of positive progeny, we have not
been able to analyze the fate of guard hair germs formed in
E15-off mice, awl hair germs in E17-off mice, and zigzag hair
germs in E19-off mice. However, in adult stage E15-off
mice, we found no trace of guard hair follicles or structures
reminiscent of them. It seems likely that in the absence
of EDA signaling, juvenile hair germs apoptose, as observed
in Edar ‘‘Downless’’ mutant mice (Schmidt-Ullrich et al.,
2006).
EDA signaling is sufficient to restore all hair subtypes in Tabby,
but additional subsidiary signals may be required for restoration
of bends in hair
In Eda mutant Tabby mice, guard, awl, auchen, and zigzag
hair subtypes are all missing, and instead abnormal awl-like
straight hair dominates. Previous studies suggested that Eda-
A1 transgene restored guard hair and sweat glands but not
zigzag hair (Cui et al., 2003; Gaide and Schneider, 2003).
However, further analyses here indicate that Eda-A1 is itself
sufficient to determine all hair subtypes in mice in a
recognizable if not perfect form.
Nevertheless, several hair types are slightly abnormal. In
particular, unlike straight hair bent hair was imperfectly
restored by Eda-A1. Bent hair formation may be a more
delicate process, a notion supported in the case of WTTG
mice, in which added levels of Eda even disrupted bent hair
formation in a wild-type mouse background (Table 2).
Consistent with a need for greater nuance, Shh and insulin-
like growth factor 1 (IGF) signaling regulate axial polarity of
hair follicles and zigzag hair bending in a complex way, with
periodic asymmetric expression of these pathway genes in
the hair follicle matrix (Schlake, 2005; Hammerschmidt and
Schlake, 2007). Expression of genes from both those path-
ways is impaired in Tabby hair follicles, and was partially
restored by Eda-A1 transgene (Hammerschmidt and Schlake,
2007). Therefore, finer regulation of Eda-A1 transgene
expression dosage, time, and pattern may be required to
effect asymmetric spatiotemporal expression of Shh and IGF
pathway genes required for the bending process.
Alternatively, additional signals may be required for bent
hair formation, as well as for the meibomian and preputial
gland development that fail decisively in Eda-A1 transgenic
mice (Cui and Schlessinger, 2006; Schmidt-Ullrich et al.,
2006; Hashimoto et al., 2008). For example, XEDAR and
Troy signaling may play a subsidiary but necessary role for
full restoration of bent hair formation. XEDAR mediates EDA
signaling by binding to the Eda-A2 isoform (Yan et al., 2000).
Unlike EDAR or Troy, which are highly conserved in
vertebrates from fish to human, XEDAR is much more
variable. XEDAR is highly conserved in mammals but varies
considerably in lower animals, and an intracellular death
domain has been formed only in chicken, hinting at a more
specific possible function of XEDAR acquired during evolu-
tion (Drew et al., 2007; Knecht et al., 2007; Pantalacci et al.,
2008). Consistent with such a possibility, an XEDAR
polymorphism has been associated with male pattern
baldness in Sardinians (Prodi et al., 2008).
In relevant studies, XEDAR and Troy were both suggested to
be involved in chicken feather follicle formation in organ
cultures, and are highly expressed in murine hair follicles during
bent hair follicle formation (Yan et al., 2000; Schmidt-Ullrich
et al., 2006; Drew et al., 2007). However, discordant with the
expectation of their significant involvement, XEDAR knockout
and Troy mutant mice show no discernible hair follicle
phenotypes (Newton et al., 2004; Shao et al., 2005; Hashimoto
et al., 2008). On the basis of their very similar protein structures,
XEDAR and Troy might compensate for one another in some
functions, but that speculation has not been tested.
G
Awl
SWG
Z/Au
E13 E14 E15 E16 E17 E18 E19 Birth
Figure 5. Schematic representation of the temporal windows of EDA action
for each skin appendage subtype during development. EDA signaling is
required for guard hair formation (G) until E17, and for awl hair formation
(Aw) until E19. EDA signaling regulates zigzag (Z) and auchen (Au) hair
formation from E18, and sweat gland (SWG) formation from E17.
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In the current model, hair follicle induction seems to be
fixed by early dermal signals, with Wnt action most likely
determining the overall number of hairs and their future
potential positions (Millar, 2002; Sick et al., 2006). Sub-
sequent EDA signaling is involved in hair follicle placode
formation/downgrowth and hair subtype determination, at
least in part by suppressing BMP signaling and activating Shh
and LTb pathways (Cui et al., 2006; Pummila et al., 2007).
Thus, Wnt–EDA regulated BMP, Shh, and LTb are probably
the major participants in normal skin appendage induction
and progression, and appendage subtype determination is
mainly regulated by Eda-A1 spatiotemporally, with fixed time
windows for each subtype, as summarized in Figure 5. This
placement for Eda action is consistent with recent observa-
tions that an EDAR gene polymorphism affects hair shaft
diameter, distinguishing the Asian population from European
and African, but with no effect on number of hairs (Fujimoto
et al., 2007).
As for its critical action, some EDA function in skin
appendage processes is likely mediated by NF-kB activation
of Shh, which is tightly regulated by EDA signaling in hair
follicles and sweat glands from the early pregerm stages
(Laurikkala et al., 2002; Cui et al., 2006). In Shh knockout
mice, guard hair germs can be normally initiated at the
expected time, but down-growth to form hair follicles fails
(St-Jacques et al., 1998; Chiang et al., 1999). This formulation
is consistent with the findings in mice and in human patients
with ectodermal dysplasia, anhidrotic, the inherited condi-
tion associated with EDA inactivation. But if Shh is a common
intermediate signal, it remains to be determined how it
regulates hair subtype formation in cooperation with addi-
tional effectors during development. The programmed
temporal and spatial effects of EDA depend on susceptibility
to its action at the germ site during each wave of appendage
generation. Once maturation is begun, additional signals,
including Notch, Whn, and Hox genes, likely take over from
EDA by an unknown mechanism.
MATERIALS AND METHODS
Generation of conditional and conventional Eda-A1 transgenic
mice
The generation of the tet-off Eda-A1 transgenic mouse strain was
previously reported (Cui et al., 2003). Briefly, mouse Eda-A1 cDNA
was cloned into the pTRE vector (Clontech, Mountain View, CA) and
was microinjected into pronuclei of C57BL/6J mouse embryos.
Embryos were then implanted into pseudopregnant female mice.
Potential founders were mated to C57BL/6J mice to establish
transgenic lines. Male Eda-A1 transgenic mice were then mated to
Tabby females to obtain Eda-A1-positive Tabby females. Tabby female
progeny carrying an Eda-A1 transgene were then mated with tet-off-
positive C57BL/6J-TgN (MMTV-tTA) mice (Jackson Laboratory, Bar
Harbor, ME) (Hennighausen et al., 1995) to activate Eda-A1 transgene
transcription. Because the EDA gene is X-linked, we analyzed male
mice that carry two transgenes, Eda-A1 and tet-off, in a Tabby or wild-
type background. The Tabby genotype was scored by PCR amplifica-
tion and enzyme digestion as described previously (Cui et al., 2006).
Complete suppression of Eda-A1 transgene transcription by
doxycycline in vitro and in vivo was confirmed previously
(Cui et al., 2003). To further confirm the block of skin appendage
development when the transgene was inactive, pregnant female
mice were given food containing 200mg kg1 doxycycline (Bio-
Serve, Frenchtown, NJ) continuously after fertilization. In the
absence of doxycycline, transgene expression fully restored guard
hair and sweat glands in Tabby, but when doxycycline food was
given, Eda-A1 transgenic Tabby mice were grossly indistinguishable
from Tabby, with no restoration of guard hair or sweat glands
detected (Figure S4).
Generation of conventional Eda-A1 transgenic mice was de-
scribed in our previous report (Srivastava et al., 2001). A construct
with the Eda-A1 transgene driven by a cytomegalovirus promoter
was microinjected into pronuclei of C57BL/6J mouse embryos, and
positive progeny were crossed with Tabby females. The transgene
expression level in Tabby background was similar to the endogenous
Eda level in wild-type mice.
Treatment of animals was in compliance with Institutional
Guidelines, and all animal study protocols were approved by an
Institutional Review Board.
Timed mating and scheduled expression of Eda-A1 transgene
Timed matings were set up with Eda-A1-positive Tabby females and
tet-off-positive male mice to yield transgenic mice with a con-
trollable promoter in a Tabby background.
Doxycycline is rapidly absorbed orally and reaches peak serum
concentrations after 2 hours in human (Klein and Cunha, 1995). In
cell culture systems, transgene expression was completely blocked
within 9 hours of application (Clontech). Therefore, the tet-off system
provides rapid and complete shutdown of the transgene. We fed Dox
chow (200mg kg1) to pregnant mice at E14.5, E16.5, and E18.5 to
shut down Eda-A1 transgene expression around E15, E17, and E19
(designated as E15-off, E17-off, and E19-off mice; Figure S1) the
germ stages for guard hair, awl hair, and zigzag hair/sweat glands,
respectively. At age 2 months, the conditional transgenic mice with
time-delimited expression were then compared to TaTG mice, in
which the Eda-A1 transgene was expressed throughout life.
The half-life of doxycycline is long (18–22hours in human serum;
Klein and Cunha, 1995). Therefore, changing a transgene from off to
on with the tet-off system takes time. To assess the possible function
of Eda-A1 in zigzag hair formation, we removed Dox food at E15.5
to reduce serum doxycycline concentration in the mice to less than
1/10 of original dosage by E18 and induce Eda-A1 expression by that
time (designated as E18-on mice).
The numbers and genotypes of analyzed mice are listed in
Table S1.
Hair phenotypes, and histological and immunohistochemical
analyses
Hair was shaved from the back skin of each transgenic mouse, and
hair shaft morphology and hair type composition were analyzed
under a dissection microscope or at  100 magnification. At least
300 hairs were analyzed for each mouse. Back skin or footpads were
taken from 2-month-old conditional transgenic mice, and were
processed for paraffin or optimal cutting temperature compound
embedding for regular histology and immunohistochemistry. Pri-
mary antibodies for K14 (Covance, Princeton, NJ), K8 (Progen,
Germany), and Vimentin (Sigma, St Louis, MO) were incubated with
frozen footpad sections and interacted with AlexaFluor secondary
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antibodies (Invitrogen, Carlsbad, CA) for visualization by Delta-
Vision reconstruction microscopy (Applied Precision, Issaquah,
WA). Sweat tests were carried out on mice from all time points as
previously reported (Cui et al., 2003). Meibomian and preputial
glands were also scored on histological sections.
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SUPPLEMENTARY MATERIAL
Table S1. Number of mice analyzed in this study.
Figure S1. Schematic of the time course of mouse guard hair follicle
development in relation to Eda-A1 transgene expression and length of restored
guard hair shafts in conditional transgenic mice.
Figure S2. Vimentin expression in mouse footpads.
Figure S3. Meibomian and preputial glands were not restored in Eda-A1
transgenic Tabby mice in any conditions tested.
Figure S4. Doxycycline completely suppressed conditional Eda-A1 transgene
induced phenotypes in mice.
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